By using an objective identification and tracking algorithm of the cyclone, the statistics of midlatitude cyclone activity in East Asia during summer for the period 1979-2013 were analyzed. The impact of the midlatitude summer cyclone anomalies in East Asia on the decadal mode of East Asian summer monsoon (EASM) was investigated and possible mechanisms were proposed. The possible reasons for the anomalous cyclone activity from the perspective of land surface thermal forcing were also explored. Results indicate that the midlatitude summer cyclone activity over East Asia exhibits decadal changes in the period of 1979-2013 and is significantly weakened after early 1990s. Further analysis indicates that there is a close relationship between the midlatitude summer cyclone activity over East Asia and the decadal variation of EASM; when the midlatitude summer cyclone activity over East Asia is strong (weak), EASM tends to be intensified (weakened), and the weak cyclone activity after 1993 generally coincides with the decadal weakening of EASM. Moreover, there is a close linkage between the weakening of cyclonic activity after the early 1990s and the nonuniform surface warming of the Eurasian continent. Significant warming to the west of Mongolia tends to weaken the north-south temperature gradient and the atmospheric baroclinicity to its south and eventually can lead to weakening of the midlatitude cyclone activity over East Asia.
Introduction
East Asia is one of the regions significantly affected by monsoon activities, and anomalies of the East Asian summer monsoon (EASM) are closely related to severe climate disasters (such as droughts, floods, and extremely high temperatures in China). Therefore, the variability of EASM has been paid great attention in recent decades, and the mechanisms of its formation, evolution, and variation have been widely investigated (Tao and Chen 1987; Ding and Chan 2005; He et al. 2007b; Huang et al. 2012; Hsu et al. 2014) . Previous studies indicated that EASM exhibits multiscale characteristics of temporal and spatial variability. Huang et al. (2012) noted that EASM has a quasi-biennial oscillation and an evident longitudinal tripole spatial pattern. On a decadal time scale, abrupt change of EASM occurred at the end of 1970s: EASM has been significantly weakened and accompanied by an increase of rainfall in the Yangtze River basin of China and decrease of rainfall in northern China (Wang 2001; Ding et al. 2008 Ding et al. , 2009 ). In addition, recent studies suggested that a significant decadal variation of EASM happened in the early 1990s (Ding et al. 2008 (Ding et al. , 2009 Wu et al. 2009b ). Corresponding to the decadal variation of EASM, there is also evidence of associated summer atmospheric circulation and climate in East Asia, including significant weakening of the subtropical westerly jet (Kwon et al. 2007 ) and the north-south temperature gradient in the troposphere (Zhang and Zhou 2015) , as well as significant increases of the summer rainfall in southern China (Wu et al. 2010) .
Despite significant progress in understanding the variation of EASM, its mechanism is still far from well understood owing to the intrinsic complexity of the EASM system. EASM is affected by not only the tropical and subtropical monsoon circulations (Chang et al. 2000a,b; Wang et al. 2000 Wang et al. , 2008 but also the mid-to high-latitude circulation and the associated cold air activity (He et al. 2007a; Ding and Wang 2007) . From the perspective of external atmospheric forcing, other components of the climate system (e.g., ocean and land surface) are also closely related to the variability of EASM (Wang et al. 2000; Huang et al. 2003; Wu et al. 2004 Wu et al. , 2009a Zhang and Zuo 2011) .
EASM significantly differs from the Indian summer monsoon in that it is closely related to the mid-to highlatitude circulation system. The warm and moist air from the south moves northward and encounters the cold air from the mid-to high latitudes, resulting in the mei-yu front rainfall Seo et al. 2015) . The duration and amount of rainfall during the mei-yu period are related to the position, intensity, and water vapor transport of the tropical circulation system and are also affected by the mid-to high-latitude circulation (Tao and Chen 1987) . So far, few studies have focused on the influences of the mid-to high-latitude circulation system on EASM. It has been suggested that the impact of anomalous atmospheric circulation in the mid-to high latitudes during summer on the weather and climate over East Asia is mainly reflected by the blocking high and abnormal latitudinal teleconnection wave trains (Wu 2002; Fujinami and Yasunari 2009; Seo et al. 2012; Park et al. 2015) . However, very limited studies have been reported on the relationship between the cyclone activity in the mid-to high latitudes and the EASM as well as the related mechanisms.
The mid-to high-latitude area of the Eurasian continent has experienced the most intensive warming in the past several decades (Hansen et al. 2006 (Hansen et al. , 2010 . Recent studies have found that there is a very strong spatial heterogeneity in the variation of the surface temperature over the Eurasian continent and that the strongest warming appears in northwestern Asia (i.e., southeast of Russia, Mongolia, and north of China). An evident decadal variation in the surface temperature over this region occurred after the early 1990s (Qi and Wang 2012; Chen and Lu 2014) . The midlatitude cyclone is a low pressure vortex with strong baroclinicity that occurred in the mid-to high latitudes in the Southern and Northern Hemispheres. In the context of global warming, changes of the surface temperature can have a significant impact on the generation and movement of cyclones (McCabe et al. 2001; Lehmann et al. 2014) . Previous studies showed that significant changes in the cyclone activity and atmospheric circulation over East Asia have occurred over the past decades Zhang et al. 2012a ). The variation of such circulation anomalies can also lead to anomalous EASM activity (Park et al. 2015) and further affect the East Asian climate (Zhu et al. 2012; Coumou et al. 2015) . Therefore, in the current study, the possible connection between the midlatitude cyclone activity over East Asia during summer and the EASM as well as the relevant physical mechanisms was investigated. We also explored the possible linkage between the anomalous midlatitude cyclone activity and the nonuniform land surface warming.
The remaining sections of this paper are structured as follows. Section 2 describes the data and methods used in this study, and section 3 focuses on the variation of the midlatitude cyclone activity. Section 4 presents discussion on the relationship between the cyclone activity and EASM together with the relevant physical mechanisms. Further discussion on the possible linkage between anomalous midlatitude cyclone activity and land surface warming is given in section 5, followed by conclusions in section 6.
Data and methods
Data used in this study are from the European Centre for Medium-Range Weather Forecasts interim reanalysis (ERA-Interim; Dee et al. 2011 ; http://apps. ecmwf.int/datasets/) and the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalyses (Kalnay et al. 1996 ; http://www.esrl.noaa.gov/psd/), including 4-times-daily (ERA-Interim) and daily (NCEP-NCAR reanalyses) and monthly sea level pressure, geopotential height, and meridional and zonal wind speed. The temperature data used include monthly average surface temperature at 2 m from ERA-Interim, NCEP-NCAR reanalyses, and the Climatic Research Unit (CRU) Time Series, version 3.2.2 (hereafter the dataset is referred to as CRU), of the University of East Anglia in the United Kingdom (Harris et al. 2014; http://www. cru.uea.ac.uk/data/) , and the monthly average surface temperature from the National Aeronautics and Space Administration Goddard Institute for Space Studies (NASA GISS; Hansen et al. 2010 ; http://data.giss.nasa. gov/gistemp/). The monthly precipitation data are from the Global Precipitation Climatology Project (GPCP; Adler et al. 2003) . The spatial resolution is 0.58 3 0.58 for the CRU surface temperature data 28 3 28 and 2.58 3 2.58 for other data, and the time period investigated is 35 years .
In this study, an objective identification and tracking algorithm of the cyclone is used to acquire the statistics of the cyclone activity based on the 4-times-daily sea level pressure data. The method was proposed by Murray and Simmonds (1991a,b) and refined by Simmonds et al. (1999) . Details are as follows. First, we determine the position of the maximum Laplacian of the sea level pressure and search for the minimum local pressure in its vicinity, which is defined as the center of cyclone at current time step t. Second, based on the locations of the cyclone center at time step t, we estimate the location of the cyclone at the next time step t 1 1 by extrapolation according to the moving velocities of the steering flow and the cyclone itself. The authentic cyclone center in the most probable combination with the estimated center at time step t 1 1 in its vicinity is assumed to be moved from the center at previous time step t. If we cannot find such a center, the cyclone is assumed to have dissipated. If we cannot find a center at the previous time step, the cyclone can be regarded as nascent. To reduce the error of using the local minimum sea level pressure as the criterion to identify cyclones in high-elevation areas, we set a height threshold to eliminate cyclone activity in regions where the elevation is greater than 1500 m.
Variation in the midlatitude cyclone activity over East Asia
First, we used the objective identification and tracking algorithm of the cyclone to establish data of cyclone paths in 1979-2013 and defined the numbers of cyclone tracks passing a grid cell of 2.58 longitude 3 2.58 latitude during summer (with repeated entries of the same track being counted as one) as the frequency of cyclone activity, which is used to characterize the midlatitude cyclone activity in East Asia. Figure 1a shows the average frequency of summer cyclone activity over 35 years in the northern part of East Asia. Since the cyclone activity in areas with elevations over 1500 m was excluded, there is generally no significant cyclone activity in the highelevation region to the west of Mongolia. The maximum of cyclone activity mainly appears in midwestern Mongolia and northeastern China. High frequency of the cyclone activity generally exhibits a zonal pattern and slightly slants to the northeast, indicating that the cyclones move eastward from central Mongolia to north of Heilongjiang in China. These results are generally consistent with the basic characteristics of the average frequency of the summer cyclone activity in the Northern Hemisphere from 1958 to 2001 as described by Zhang et al. (2012a) using ERA-40 data. Figure 1b shows the interannual variability of the frequency of cyclone activity. The maximum standard deviation of cyclone activity is also located in central Mongolia, which indicates that both the most frequent cyclone activity and the greatest variation of cyclone activity happen in this area. Therefore, in the following analysis, Mongolia was selected as the representative area for the midlatitude cyclone anomaly activity in East Asia.
To further discuss the general variation in the midlatitude cyclone activity over East Asia, we define the total number of East Asia midlatitude summer cyclones (EAMC) as the number of cyclones with more than half of their lifetimes (results are similar when we change the criteria to one-third or two-thirds; figures not shown) in the representative area (408-508N, 808-1408E). To exclude the impact of the seasonal and local geothermal low, we eliminated cyclones with lifetimes less than 12 h ). If not specified, the cyclones FIG. 1. Geographic distributions of (a) climatology and (b) interannual variability (std dev) of the midlatitude cyclone activity frequency (number of cyclone centers in a 2.58 3 2.58 grid) in summers (JJA) over East Asia during 1979 Asia during -2013 discussed in this paper refer to the midlatitude cyclones in East Asia. The histogram in Fig. 2a shows the time series of the normalized number of cyclones in the representative area. A significant weakening trend in the cyclone activity occurred during 1979-2013 (dashed line in Fig. 2a ), which passes the significance test at the 5% level. By removing the linear trend, we conducted an 11-point Gaussian filtering of the time series of the cyclone number (solid line in Fig. 2a ) and found that there was also a significant signal of decadal variation in the cyclone activity. Results of the Mann-Kendall (MK) statistical test (Fig. 2b ) indicate that since the early 1990s, there has been a significant weakening of cyclone activity; there is also a significant difference in the cyclone activity before and after 1993. Figure 2c shows the composite difference in the frequency of cyclone activity before and after 1993. The cyclone activity to the north of East Asia decreased significantly after 1993, and the greatest decrease occurred in central Mongolia. Zhang et al. (2012b) studied the variation in the frequency of cyclone generation in East Asia and divided the midlatitude cyclones into two categories (i.e., southern cyclones and northern cyclones) based on the locations of their sources. They found that the generation of northern cyclones decreased significantly after 1990, which is consistent with the results of the current study. Figure 2d shows the spatial distribution of the linear trend of the cyclone activity, which is similar to Fig. 2c . It can be concluded that the significant weakening of the cyclone activity in central Mongolia is closely related to its decadal variation after 1993.
Relationship between cyclone activity and the decadal mode of EASM and its possible mechanism
a. Relationship between cyclone activity and the decadal mode of EASM Cyclones are the main synoptic systems in the mid-to high latitudes. There has been a significant change in cyclone activity over the past 35 years, and abnormal activity can affect the local weather and climate. To investigate the possible relationship between cyclone activity and EASM, we selected the years with typical cyclone activity for the composite analysis. Based on the normalized indices of the cyclone number in the representative area, years with indices greater than 1 (i.e., 1982, 1983, 1984, 1987, 1991, and 2009 ) are selected as strong cyclone activity years, while years with indices less than 21 (i.e., 1979, 1998, 2001, 2002, and 2012) cyclone activity years. Figures 3a and 3b show the composite difference of 850-hPa horizontal winds (strong minus weak cyclone activity years) and regression of 850-hPa horizontal wind anomaly onto the normalized cyclone numbers, respectively. The circulation patterns are basically similar. A weak anomalous anticyclonic circulation exists in the southeast coastal area of China and a strong anomalous cyclonic circulation appears near Lake Baikal, resulting in a consistent anomalous southerly from low to high latitudes in eastern China. Our results are well supported by a recent study of Park et al. (2015) , which carefully examined the effect of the anomalously low surface pressure propagating southeastward from Mongolia/northern China to far East Asia on monsoon precipitation. Huang et al. (2015) used the low-level wind field to describe the anomalous monsoon activity and revealed the multimode spatial characteristics of the EASM anomaly. The method used to extract the dominant spatial modes of EASM is similar to the multivariate EOF (MV-EOF) in Wang et al. (2008) , while only meridional and zonal winds at 850 hPa in East Asia (108-608N, 1008-1408E) are decomposed to reflect the variation of summer monsoon circulation in the current study. The first and second modes account for 19.8% and 14.9% of the total variance, respectively. The first mode of the East Asian summer monsoon [EASM principal component 1 (EASM-PC1)] is characterized by enhanced southwesterly monsoon from southern China to the middle and lower reaches of the Yangtze River and strengthened easterly anomalies between 108 and 208N. The spatial patterns of the anomalous precipitation related to EASM-PC1 show a north-south dipole pattern with dry anomalies over the northern South China Sea and Philippine Sea and enhanced precipitation along the Yangtze River valley to southern Japan (Fig. 4a) . The leading mode mainly reflects the interannual variation, while the second mode shows a pattern distinct from the first one and exhibits evident decadal variation. Actually, the decadal variation of EASM given by the second mode of EASM has been reported by several other studies (Ding et al. 2008 (Ding et al. , 2009 Wu et al. 2009b) . As shown in Fig. 4b , the atmospheric circulation anomalies corresponding to the second mode of the East Asian summer monsoon [EASM principal component 2 (EASM-PC2)] are featured by a strong cyclonic anomalous circulation over regions to the east of Lake Baikal. In addition, there is an anomalous southwesterly wind to the southeast of the cyclonic circulation, which reflects the strengthening of the summer monsoon, especially in northern China. The spatial pattern of precipitation anomalies associated with EASM-PC2 shows a dipole pattern with suppressed rainfall over southern China and enhanced precipitation in northern and northeastern China (shaded in Fig. 4b) .
Compared with Fig. 3 , it is noted that the atmospheric circulation anomaly related to the cyclone activity is generally consistent with the second mode of EASM. Such an anomalous circulation pattern indicates that strong (weak) cyclone activity tends to be associated with an anomalous cyclonic (anticyclonic) circulation pattern, which favors the enhancement (weakening) of the southwesterly to the southeast of the anomalous circulation. Figure 4c shows that the time coefficient for the second mode of EASM changed from positive before 1993 to negative after 1993 and exhibits a significant weakening trend from 1979 to 2013 (passing the significance test at the 5% level). By removing the linear trend in this time series and performing 11-point Gaussian filtering, we find a significant signal of decadal variation of EASM. Results of the MK test (Fig. 4d ) also indicate a significant weakening trend of EASM since the early 1990s that has been more significant after the mid-1990s (significant at the 5% level). It also suggests that significant decadal variation of EASM happened around 1993, after which EASM is weakened and the low-level southwesterly in East Asia exhibits a consistent weakening. Since both cyclone activity and EASM exhibit similar decadal changes, we only focused on the decadal mode of EASM as well as its relationship with the anomalous cyclone activity during the past 35 years. To more directly characterize the relationship between the cyclone activity and the decadal variation of EASM, Fig. 5a presents their time series over 35 years. There is a significant positive correlation between the two series (correlation coefficient of 0.59, which becomes 0.50 after removing the linear trend). The averages of the two time periods of 1979-93 and 1994-2013 (dashed line in Fig. 5a) show that EASM and cyclonic activity both exhibit significant differences before and after 1993. We further selected 9 (dashed line) and 10 years (solid line) as moving windows to conduct moving Student's t tests on the two time series (Fig. 5b) , which both show changes in 1993; the changes pass the significance test at the 1% level and do not depend on the selection of the moving window, which is consistent with the results of the MK test. In summary, there is a significant positive correlation between the cyclone activity in the midlatitudes of East Asia and EASM, and both of them exhibit significant decadal weakening in early 1990s.
b. Possible mechanisms accounting for the impacts of cyclone activity on EASM Figure 6 depicts the spatial distribution of the sea level pressure and the geopotential height anomaly at 500 and 300 hPa, which was derived from the regression of the normalized number of cyclones. As shown in Figs. 6a and 6b, when the cyclone activity is abnormally strong, a large area of positive sea level pressure anomalies appears in the high-latitude area to the north of 608N over the Eurasian continent, which extends over the West Siberian Plain, the Central Siberian Plateau, and most areas of the Russian Far East. A negative anomaly is located in Mongolia to the south of Lake Baikal and northeastern China and in particular to the east of Mongolia and in the central area of Mongolia in China, which passes the significance test at the 5% level. A positive sea level pressure anomaly is also found at low latitudes near Indochina, the South China Sea, the southeastern coastal area of China, and a large area to the east of the Philippines Archipelago, which however does not pass the significance test at the 5% level. Figures 6c and 6d show that the 500-hPa geopotential height anomaly field has three anomaly centers in the midlatitudes of the Eurasian Continent, with two positive anomaly centers located on the west side of the Ural Mountains and to the north of the Okhotsk Sea, and a negative anomaly center located to the south of Lake Baikal. The locations of these anomaly centers correspond to those of the anomalies of the sea level pressure. These results indicate that in years with relatively strong cyclone activity, the blocking high in the Ural Mountains and the Okhotsk Sea is strong, and there exists significant abnormal low pressure in the Lake Baikal area. The 300-hPa geopotential height anomaly also shows an anomalous pattern that is similar to the sea level pressure and 500-hPa geopotential height, but with stronger intensity (Figs. 6e,f) . The atmospheric circulation anomaly in East Asia exhibits consistent variations in the upper, middle, and lower troposphere, which indicates that the atmospheric circulation anomaly associated with anomalous cyclone activity shows a quasi-barotropic structure and that the dynamic effect could play a dominant role. In the following discussion, by diagnosing the synoptic-scale physical variables related to the anomalous cyclone activity, we further investigated the possible mechanism by which the cyclone activity affects the atmospheric circulation in East Asia. Both the identification and tracking methods of individual cyclone (Ulbrich et al. 2009 ) and bandpass filter methods (Chang et al. 2012 ) have been used to analyze the activity of extratropical storms, and it is conceivable that the cyclone frequency and storm tracks are highly consistent in their spatial pattern and temporal variations. From the perspective of the development of baroclinic wave activity, the cyclone activity generally consists of two stages (i.e., wave growth and maturity to dissipation of the waves). The stage of wave growth is usually accompanied by a very strong poleward and upward temperature flux, which mainly reflects the baroclinic conversion of the effective potential energy to the transient kinetic energy of the waves. In the stage of maturity to dissipation of the waves, the temperature flux decreases significantly, while the barotropic decaying process related to the conversion of transient kinetic energy of the wave to the zonal mean kinetic energy plays a dominant role. The cyclone is generated at the west end of the storm track and dissipates at the eastern end, and the actions of the poleward temperature flux and the momentum flux during the dissipation stage convert the transient kinetic energy of the cyclone to the kinetic energy of the mean flow. Therefore, the feedback of the synopticscale transient wave activity in the storm-track area on the mean flow can be used to describe the impact of the cyclone activity on the large-scale circulation. Lau and Nath (1991) used the quasigeostrophic potential vorticity equation to decompose the roles of the transient wave activity on the mean flow into two categories, the vorticity flux and the heat flux, and noted that their impacts on the geopotential tendency of the mean flow are consistent at low levels and opposite at high levels. When the geopotential height anomalies at low levels are consistent with those at high levels (Fig. 6) , the vorticity flux is the dominant contributor to the impact of the cyclone activity on the large-scale circulation. Previous studies (Lau and Holopainen 1984; Lau 1988 ) have suggested that the strength of the dynamic effect of the synoptic-scale atmospheric transient forcing can be expressed by the poleward eddy vorticity flux (PEVF) y 0 j 0 , while the impact of the synoptic transient dynamic forcing (STDF) on the mean flow can be expressed by the timeaveraged geopotential tendency, which has been used to diagnose the possible feedback of eddies on the intraseasonal variations of the East Asian trough (Song et al. 2016) . Moreover, the horizontal Eliassen-Palm (EP) flux E u and its divergence can be used to describe the interaction between the synoptic-scale wave and the low-frequency flow in barotropic cases. The divergence area of the EP flux usually corresponds to the acceleration of the westerly jet, with the northern side corresponding to the anomalous cyclonic circulation and the southern side corresponding to the anomalous anticyclonic circulation. The opposite situation occurs in the convergence area of the EP flux (Trenberth 1986 ). The STDF and the horizontal EP flux can be calculated using the following equations:
where u, y, and j represent the zonal and meridional wind speed and the vertical component of the vorticity, respectively, f is the Coriolis parameter, g is the gravitational acceleration, h indicates the horizontal component, i and j represent the zonal and meridional unit vector, and f is the latitude. Here, the prime sign indicates a synoptic-scale disturbance obtained from the 2.5-6-day Butterworth bandpass filter (Murakami 1979) , while the bar indicates a monthly average of the variables. Figure 7 presents the results for the relevant physical parameters of the synoptic-scale transient wave activity that were derived from the regression of the normalized number of cyclones in the representative areas. Figure 7a shows the dynamic contribution of the synoptic-scale transient wave to the geopotential tendency. A significant negative anomaly is evident in the region between eastern Mongolia to the south of Lake Baikal and northeastern China. This anomaly distribution is similar to the spatial pattern of the geopotential height anomaly as shown in Figs. 6e and 6f, which indicates that there is a close relationship between the negative anomaly of the geopotential height around Lake Baikal area and the synoptic-scale transient wave activity. The possible physical mechanism is that when the cyclone activity is strong, the cyclone dissipation is accompanied by a positive poleward flux of the eddy vorticity, leading to a positive vorticity anomaly to the north of the area of cyclone activity and hence the cyclonic circulation anomaly; moreover, the action of the Coriolis geostrophic deflection force causes the atmospheric mass to diverge outward, which forms an anomaly in the atmospheric geopotential height. Figure 7b shows that a divergence of the EP flux occurs in the regions from eastern Mongolia through northeastern China to the Sea of Japan, and its location corresponds to that of the cyclone dissipation. The dissipation of the cyclone is accompanied by the conversion of the energy of the synopticscale disturbance to the kinetic energy of mean flow. The westerly wind is accelerated in the area of EP flux divergence, and a low pressure and anomalous cyclonic circulation forms to the north of the area of cyclone activity.
The above analysis of relevant physical quantities of the synoptic-scale disturbance demonstrates that the abnormally strong cyclone activity can cause significant negative anomalies of sea level pressure and geopotential field near Lake Baikal through the poleward transport of the vorticity flux, resulting in anomalous cyclonic circulation in these areas, while the southerly anomaly to the southeast of the anomalous cyclonic circulation near Lake Baikal is favorable for the significant enhancement of EASM. The opposite situation occurs when the cyclone activity anomaly is weak, which usually causes the weakening of EASM.
Linkage between midlatitude cyclone anomaly and land surface nonuniform warming
The analysis presented above reveals the relationship between the midlatitude summer cyclone anomaly in East Asia and EASM. However, what is the cause of the midlatitude cyclone anomaly in East Asia? In the general context of global warming, the changes of surface temperature over the Eurasian continent exhibit high spatial heterogeneity, which has the potential to alter the atmospheric baroclinicity and thus the cyclone activity. In this section, we investigate the possible linkage between the midlatitude cyclone and land surface nonuniform warming and attempt to explore one possible reason for the midlatitude summer cyclone anomaly in East Asia from the perspective of the nonuniform warming.
Because the cyclone activity decreased significantly after the early 1990s, we multiplied the normalized time series of the number of cyclones by 21 and performed a regression analysis of the surface temperature of the Eurasian continent. As shown in Fig. 8 , except for the NCEP-NCAR reanalyses, which show cold anomalies in East Siberia, south of the Tibetan Plateau and north of India, the results from the four datasets all indicate large-scale anomalous warming of the Eurasian continent. The most significant anomalous warming appears in western Mongolia to the south of Lake Baikal. It suggests that the weakening of cyclone activity might be closely related to the significant nonuniform land surface warming. Figure 9 shows the normalized time series of the average regional summer surface temperature in the vicinity of Lake Baikal (408-608N, 908-1208E). The four datasets reflect consistent characteristics of the variations in the surface temperature; there is an obvious warming trend in the surface temperature from 1993 to 1997, and the surface temperature around Lake Baikal changed from relatively cold before 1993 to significantly warmer after 1997. The results of the moving Student's t test (Fig. 9b) indicate that for moving window lengths of 9 or 10 years, the decadal variations of the surface temperature near Lake Baikal occurred in 1993 and around 1997, respectively, both passing the significance test at the 1% level. Overall, the decadal warming of the land surface around the early 1990s is generally consistent with the weakening of the cyclone. However, it is noted that the significant changing point of land surface temperature happened in 1997, which is not exactly the same as the changing point of the cyclone. Although the land surface warming can provide some explanation on the anomalous cyclone activities, other impact factors should also be examined to better understand the reasons for the anomalous cyclone activity. In addition, the feedback of the anomalous cyclone activity on the change of the land surface temperature deserves further investigation in the future.
To further verify the linkage between the midlatitude cyclone anomaly and land surface nonuniform warming, we explored the basic features of the land surface temperature between weak and strong cyclone activities. In comparison with 1979-93, the average land surface temperature during summer in the mid-to high latitudes over the Eurasian continent is warmer for the period 1994-2013; the spatial distribution depicted in Fig. 10 shows that this decadal warming is nonuniform and that the strongest warming center is located in Mongolia to the southwest of Lake Baikal, where the increase in temperature is more than 1.58C. The warming trend is weakest in western Siberia, and the ERA-Interim and CRU data show cooling of approximately 0.48C to the north of India. The results of the CRU data indicate that compared with 1979-93, the average warming around Lake Baikal area from 1994 to 2013 reaches about 18C, while the overall warming of the Eurasian continent is merely 0.78C.
The surface thermal anomaly can affect the cyclone activity by altering the atmospheric baroclinicity in the area of cyclone generation. To more directly reflect the impact of the variation in atmospheric baroclinicity on the cyclone activity, we calculated the maximum Eady growth rate s BI between 850 and 700 hPa, s BI 5 0:31f (›jVj/›z)N 21 (where f is the Coriolis parameter, N is the Brunt-Väisälä frequency, V is the time-averaged horizontal wind speed, and z is the vertical height), which is used to characterize the low-level atmospheric baroclinicity. Larger values of s BI indicate stronger baroclinicity of the atmosphere, which favors the generation and development of cyclones. This index has been widely applied in the research of the atmospheric baroclinicity (Eady 1949; Lindzen et al. 1980) . Figure 11a shows the spatial distribution of the temporal correlation between the surface temperature near Lake Baikal and the maximum Eady growth rate. The two parameters exhibit a significant negative correlation in the Mongolian area near the region of cyclone generation but a positive correlation in the region north and west of Lake Baikal; this is related to the location of the strongest warming center of the surface temperature (Fig. 10) . Based on the principle of thermal wind and the definition of atmospheric baroclinicity, the north-south temperature gradient increases to the north of the warming center, and the atmospheric baroclinicity increases; the north-south temperature gradient decreases to the south, and the atmospheric baroclinicity weakens. Further analysis indicates that the variation in the atmospheric baroclinicity induced by the nonuniform heating of the land surface can have a significant impact on the cyclone activity. Figure 11b shows the spatial distribution of the atmospheric baroclinicity index anomaly derived from the regression of the normalized number of cyclones. The atmospheric baroclinicity in the midlatitudes over the Eurasian continent exhibits a clear negative anomaly that corresponds to the abnormal weakening of cyclone activity. This significant negative anomaly of the atmospheric baroclinicity is mainly located near 408N and extends eastward from west of the Mongolian Plateau to northeastern China. The weakening of cyclone activity after the early 1990s can be attributed to the significant weakening of the atmospheric baroclinicity in this region. Because of the nonuniformity of land surface warming of the Eurasian continent, the largest warming center appears to the west of Lake Baikal, which leads to a decrease in the atmospheric baroclinicity to the south and eventually results in the weakening of the midlatitude cyclone activity.
Conclusions and discussion
Based on the 4-times-daily ERA-Interim sea level pressure data, we used an objective identification and tracking algorithm of the cyclone to attain a database that reflects the cyclone activity in the Northern Hemisphere. The basic characteristics of anomalous variations of the midlatitude cyclone activity in East Asia during summer were analyzed over the past 35 years, and the possible mechanisms by which the anomalous cyclone activity affects EASM were explored subsequently. We also investigated the possible reasons for the anomalous midlatitude summer cyclone activity in East Asia from the perspective of nonuniform surface warming of the Eurasian continent.
Results indicate that central Mongolia is the key area with not only the most frequent cyclone activity but also the strongest variability of the cyclone activity. A significant weakening trend and a decadal variation of the cyclone activity occurred in this area between 1979 and 2013. The decadal transition occurred in the early 1990s, after which the cyclone activity became weaker.
Further analysis indicates that there is a significant positive correlation between the midlatitude cyclone activity over East Asia and the decadal variation of EASM represented by EASM-PC2; when the midlatitude summer cyclone activity in East Asia is strong (weak), EASM is strong (weak). Over the last 20 years, the weakening of the midlatitude summer cyclone activity in East Asia is closely correlated with the weakening of EASM. Through the analysis of relevant physical parameters of the synoptic-scale wave, we demonstrated that abnormally strong cyclone activity can lead to the occurrence of significant negative anomalies of sea level pressure and geopotential heights near Lake Baikal through the poleward vorticity flux transport, which results in anomalous cyclonic circulation in these areas. The southerly anomaly to the southeast of the anomalous cyclonic circulation near Lake Baikal is conducive to the significant intensification of EASM. The opposite situation occurs when the cyclone activity is weak, which usually weakens EASM.
It is also found in this study that the weakening of the cyclone activity after the early 1990s is closely related to the nonuniform land surface warming over the Eurasia. The significant warming in western Mongolia can cause evident weakening of the north-south temperature gradient and the atmospheric baroclinicity to its south, which eventually results in the weakening of the midlatitude cyclone activity during summer in East Asia.
By analyzing the cyclone activity and the relevant physical parameters of the synoptic-scale transient wave, we proposed one possible mechanism by which the midlatitude synoptic processes affect EASM. However, the decadal variation of EASM is affected by many factors; a more thorough analysis merits further investigation in the future.
In addition, recent studies have suggested that summer midlatitude cyclone activity has weakened significantly over the Northern Hemisphere since 1979 and also pointed out that CMIP5 models project a weakening in cyclone activity under global warming (Coumou et al. 2015; Chang et al. 2016 ). Here we focused on the impacts of the midlatitude cyclone activity over East Asia induced by nonuniform warming of the Eurasian continent on EASM. Both of these researches are consistent with a downward trend of cyclone activity or midlatitude circulation in connection with the temperature change. However, it is noted that the significant changing point of land surface temperature happened in 1997, which is not exactly the same as the changing point of the cyclone. Other impact factors should also be examined to better understand the reasons for the anomalous cyclone activity in the future.
